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The threshold of photoelectron emission was measured for amorphous CNx films deposited at room
temperature (RT) and at 500 °C. The x values of the films deposited at RT and at 500 °C by
magnetron sputtering of a graphite target in a mixed N2/Ar gas were 0.6 and 0.3, respectively.
Ratios of the sp2- to sp3-hybridized components of both C and N for the film deposited at 500 °C
were larger by <4 times than those for the film deposited at RT. The onsets of the electron emission
by photon irradiation were 5.0 and 4.7 eV for the films deposited at RT and at 500 °C,
respectively. © 2004 American Institute of Physics. [DOI: 10.1063/1.1787907]
Electronic properties of amorphous CNx films with dif-
ferent ratios of the sp2- to sp3-hybridized components are of
great interest for applications in the electron emission de-
vices such as electron-beam sources and flat-panel displays.1
It is well known that hydrogen termination for diamond sur-
faces brings about an enhanced electron emission by irradia-
tion of photons or electrons,2,3 which must be beneficial for
practical device applications by applying a field. We expect
that a CNx film with a relatively large value of the sp2 to sp3
ratio shows a small energy barrier for the electron emission,
which is promising for the device applications similar to the
diamondlike carbon films.4
The b-C3N4 phase with a very high elastic bulk
modulus5 forms very small crystallites and is immersed in
the sp2-bonded amorphous CNx matrix.6,7 The bonding con-
figurations leading to a high bulk modulus material are C,
having four neighbors as in diamond (sp3 bonding), and N,
having three neighbors in a planar geometry (sp2 bonding
with a lone pair). However, this is one of the many possibili-
ties available for the CNx compounds. A new group, called a
fullerenelike CN, has been found in the amorphous CNx
films when high substrate temperatures were used and rela-
tively high N contents were achieved.8,9 Sjöström et al.10
reported that a fullerenelike microstructure was formed due
to a cross-linking between the two sp2 hybridized CNx layers
by bucking around pentagons for the amorphous CNx sx
=0.2d film, which has a distorted graphitelike microstructure
consisting of buckled and curved basal planes. A semiempir-
ical, pseudopotential model-cluster calculation of N substitu-
tion for C in graphite revealed that the clusters, including 96
C atoms, are plane for the N concentrations up to fNg / fCg
,0.2, and the bucking develops in the clusters above the
concentration.11 The energy gap between the lowest unoccu-
pied molecular orbital and the highest occupied molecular
orbital decreased with increasing the N content from 1.8 eV
for the pure carbon cluster to 0.18 eV for the saturated
fNg / fCg=1 cluster due to the filling of the conduction-band
states. As the N content increases, electrons fill the antibond-
ing p* states above the Fermi energy of graphite. The buck-
ing of the structure by a N incorporation for concentrations
above fNg / fCg,0.2 leads to the localization of the electrons
into a lone-pair orbital of the N-substituted graphitelike clus-
ters. Therefore, an increase of the sp2-hybridized CN bond
lowers the energy barrier for electron emission when the
amorphous CNx film was deposited at high substrate tem-
peratures.
The amorphous CNx films used in this experiment were
deposited on an n-type Si(100) substrates at room tempera-
ture (RT) and at 500 °C by magnetron sputtering of a graph-
ite target with four nines purity in a N2/Ar=5/3 gas, at a
pressure of 10 Pa. The thickness of the films deposited at RT
and at 500 °C were approximately 500 and 300 nm, respec-
tively. A Surface Science Laboratory SSX-100 spectrometer
with a monochromatized Al Ka source was employed to ob-
tain a core-level electron spectra of the film in the analyzer
chamber with a base pressure of 1.3310−8 Pa. The N 1s and
C 1s spectra of the films are shown in Figs. 1(a) and 1(b).
The x values estimated from the data were 0.6 and 0.3 for the
films deposited at RT and at 500 °C, respectively. As shown
in Figs. 2(a) and 2(b), the N 1s and C 1s spectra of the film
deposited at 500 °C can be partitioned into the peaks origi-
nated from the sp3- and sp2-hybridized CN bonds and others,
as pointed out by Marton et al.12,13 The sp3-hybridized CN
bond corresponds to both the N 1s peak centered at 398.3 eV
and the C 1s peak at 287.7 eV, whereas the sp2 hybridized
CN bond relates to the N 1s peak at 400.0 eV and the C 1s
peak at 285.9 eV.14 The ratios of the sp2- to sp3-hybridized
components for N of the films deposited at RT and at 500 °C
were 0.2 and 0.8, respectively. The ratios of the sp2- to
sp3-hybridized components for C of the films deposited at
RT and at 500 °C were 1.2 and 5.2, respectively. The sp2 to
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sp3 ratios of both C and N for the film deposited at 500 °C
were larger by <4 times than those for the film deposited at
RT. The substrate temperature, 500 °C, was high enough to
obtain a larger fraction of the sp2-hybridized CN bonds.
Thus, we measured the threshold energy of the electron
emission from a photoirradiated surface of the amorphous
CNx films with the low and high sp2 to sp3 ratios.
We used a modified photoemission electron microscope
for the measurement.15 The wavelength of ultraviolet rays
sl=195,350 nmd from a D2-lamp was swept by a Shi-
madzu UV-3100PC monochrometer with an energy resolu-
tion of 0.1 nm. The sample surface set in the chamber at a
pressure below 1310−7 Pa was irradiated by the monochro-
matized photons shn=3.6,6.3 eVd. The bright spots that
appeared on the fluorescent screen, which correspond to the
particular numbers of the ejected electrons, were counted by
using the CCD camera. The background counts were less-
ened by improving the spatial discrimination characteristics
of the microscope and by using the chromatic aberration of
silica lens at the wavelength of the threshold of photoelec-
tron emission.
As shown in the inset of Fig. 3, the onset of electron
transition from the valence band to the conduction band by a
photon irradiation started at 1.8 and 1.0 eV for the films
deposited at RT and at 500 °C, respectively. This trend with
increasing the sp2 to sp3 ratio matches for the filling of the
antibonding p* states above the Fermi level.11 As shown in
Fig. 3, the threshold the photoelectron emission of the films
deposited at RT and at 500 °C were 5.0 and 4.7 eV, respec-
tively. The film deposited at RT showed a gradual increase of
the emitted photoelectrons with increasing the photon energy
above 5.0 eV. The intensity of the photoelectron emission
from the film deposited at 500 °C was larger than that from
the film deposited at RT. For the film deposited at 500 °C,
we have observed a steeply increased photoelectron emission
at ,5.2 eV. At ,5.2 eV, the photoelectron intensity differs
by almost two to three orders of magnitude. Such lowered
threshold energy and enhanced intensity of the photoelectron
FIG. 2. N 1s (a) and C 1s (b) electron spectra of the film deposited at
500 °C. A linear-type background has been subtracted, and the Gaussian
function was used for fitting. The linewidth of the resolved N 1s peaks at
398.3 and 400.0 eV were 1.5 and 1.6 eV, respectively. The linewidth of the
resolved C 1s peaks at 284.6, 285.9, and 287.7 eV were 1.2, 1.8, and 1.7,
respectively.
FIG. 3. Photon-energy dependence of the electrons ejected from the films
deposited at RT and at 500 °C. The reproducible data were obtained after
three times of cleaning of the surface by an Ar+ sputtering at 0.25 keV.
Inset: Onset of optical transition of the films deposited at RT and at 500 °C.
Unit of the vertical axis sahyd1/2 is seV/nmd1/2.
FIG. 1. N 1s (a) and C 1s (b) electron spectra of the films deposited at RT
and at 500 °C. The spectra were normalized to the same maximum intensity.
J. Appl. Phys., Vol. 96, No. 8, 15 October 2004 Sago et al. 4675
Downloaded 20 Dec 2007 to 150.69.123.200. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp
emission for the film deposited at 500 °C are characteristics
of the lowered energy barrier for the electron emission from
the amorphous CNx film with a high sp2 to sp3 ratio. The
lower threshold energy of the photoelectron emission
s4.7 eVd observed for the film with high sp2 to sp3 ratios of
both C (0.8) and N (5.2), which can be attributed to the
localized electrons in a lone-pair orbital of N substituted for
C in graphitelike clusters, is beneficial for practical device
applications by applying a field.
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